S
ingle-breath diffusing capacity of the lung for carbon monoxide (Dlco) has been used to assess gas transfer across the lung. 1 A reduced Dlco may be a physiologic manifestation of a number of diseases, including pulmonary emphysema. 2 In a variety of studies, Dlco has been used to investigate the causes of 1 dyspnea, to detect disease, and/or to assess the progression of disease. [3] [4] [5] [6] [7] These studies also have demonstrated that normal or modestly reduced Dlco was very specific in excluding arterial desaturation during exercise. Conversely, an abnormal Dlco was not very sensitive in predicting abnormal gas exchange during exercise. However, due to the small number of patients with very low FEV 1 and Dlco values in these studies, the generalizability of these findings has been limited. The purpose of this article was to test the hypothesis of whether Dlco would be predictive of resting hypoxemia, the need for supplemental O 2 during exercise, and the maximum work capacity in well-characterized patients with advanced emphysema that had been confirmed by high-resolution CT scans.
Materials and Methods
The National Emphysema Treatment Trial (NETT) is a randomized, multicenter, clinical trial comparing lung volume reduction surgery plus medical therapy to medical therapy alone in patients with advanced pulmonary emphysema. 8 Prior to enrollment in the study, patients underwent a comprehensive baseline evaluation, which included a 6-min walk test (6MWT) and complete cardiopulmonary exercise (CPX) testing, along with measures of quality of life and lung function testing.
The NETT was conducted at 17 clinical centers throughout the United States. Detailed inclusion/exclusion criteria have been published previously. 8 In brief, patients must have bilateral emphysema with an FEV 1 of Յ 45% of predicted, an elevated total lung capacity and residual volume, and a Paco 2 Ͻ 60 mm Hg. Patients must require Յ 6 L/min oxygen during exercise, must have been nonsmokers for at least 4 months prior to enrollment, and must abstain from smoking during screening. Additionally, enrollees have to be free of significant comorbid disease, which would preclude surgery or limit survival. Of note is that Dlco was not an inclusion/exclusion criterion in this study. The trial has been sanctioned by the institutional review boards of all of the participating centers.
Participants underwent an extensive evaluation prior to enrollment in the trial. This included history and physical examination, lung function testing, chest CT scans, cardiac stress testing, and echocardiography. Pulmonary function studies, including singlebreath Dlco, were performed in the clinical laboratories at each center, in accordance with American Thoracic Society standards. 9 -12 Normal reference values were derived from those of Crapo and colleagues. 10, 13, 14 CPX testing was performed on electromagnetically braked cycle ergometers at a rate that increased by 5 or 10 W/min. The exercise studies were conducted using a fraction of inspired oxygen of 0.3 to prevent oxygen desaturation.
A 6MWT was performed the day after maximum CPX testing. 15 Prior to the 6MWT, patients had undergone an oxygen titration exercise test on a treadmill (no incline) to determine whether they required oxygen during the 6MWT. First, supplemental oxygen was titrated to keep the oxygen saturation at Ն 90% with the patient sitting quietly. Next, supplemental oxygen was titrated to keep the oxygen saturation at Ն 90% for at least 3 min while the patient walked on a treadmill at 1 mile per hour (mph). If participants required Ͼ 6 L/min oxygen, they were excluded from the trial.
If the participant was judged to be capable of walking at a higher speed, the treadmill speed was increased to either 2 or 3 mph, and oxygen again was titrated to keep the oxygen saturation at Ն 90%. The amount of oxygen used for the subsequent 6MWT was the highest amount needed during the oxygen titration protocol. For the purposes of this study, however, we limited our analysis to the oxygen requirement during the 1 mph 6MWT. Eligible patients were enrolled in a comprehensive pulmonary rehabilitation program prior to randomization.
Statistical Analysis
The baseline characteristics are presented as percentages or mean Ϯ SD. Linear and logistic regression models were used to assess the ability of Dlco, FEV 1 , and FVC to predict resting Pao 2 , oxygen requirement during 1 mph walking, maximum work capacity, and 6MWT distance. Dlco was corrected for the altitude and hemoglobin levels during the analysis, 9 and results were divided into the following five categories: Յ 20% of predicted; 21 to 25% of predicted; 26 to 30% of predicted; 31 to 35% of predicted; and Ͼ 35% of predicted. All analyses were adjusted by age and gender. Additional analyses were performed with FEV 1 and FVC as individual predictors to assess their association with the outcomes after adjusting by Dlco, age, and gender. All analyses were performed using computer software (SAS, version 8.0; SAS Institute; Cary, NC). Statistical significance was inferred if the p value was Ͻ 0.01. The p values were adjusted for multiple-variable testing. 16 
Results
The data presented in this report represent the results from prerehabilitation testing of subjects randomized between January 1998 and September 2001. Baseline demographics of the study group of 1,071 patients are presented in Table 1 . Baseline postbronchodilator spirometric function and Dlco (before rehabilitation) are presented in Table 2 . The mean FEV 1 was 0.76 Ϯ 0.24 L, and the mean Dlco was 8.0 Ϯ 3.1 mL/min/mm Hg, which was 28 Ϯ 10% of predicted. The mean resting Pao 2 was 64 Ϯ 10 mm Hg. The amount of supplemental oxygen required to complete the 1 mph walk and the amount of oxygen used during the 6MWT also are presented in Table 2 . Table 3 demonstrates the significant positive relationship between quintiles of Dlco and resting Pao 2 Table 4 demonstrates that Dlco was a significant predictor of whether oxygen was required to complete a 1 mph walk during the oxygen titration test. Odds ratios for requiring supplemental oxygen during 1 mph walking comparing different levels of Dlco are also shown in Table 4 . The lower the level of Dlco, the greater the odds of requiring oxygen. For patients with a Dlco of Յ 20%, the odds of requiring oxygen for walking at 1 mph was nine times that for patients with a Dlco of Ͼ 35% of predicted. Unlike the case with resting Pao 2 , both FEV 1 and FVC, after adjusting for Dlco, age, and gender were significant predictors of oxygen requirement during a 1 mph walk (p Ͻ 0.001 and p ϭ 0.003, respectively). Table 5 demonstrates the positive correlation between quintiles of Dlco and maximum exercise capacity. Finally, Table 6 shows a significant positive correlation between quintiles of Dlco and 6 MWT results. Of note is that there was a twofold increase in maximum work comparing the lowest to highest Dlco windows, while there was only a 30% increase in 6MWT distance between the lowest and highest Dlco categories. FEV 1 and FVC were also significant predictors of both 6MWT distance and maximum work output after adjusting for Dlco, age, and gender (p Ͻ 0.001). For every percent increase in FEV 1 percent predicted, there was an estimated increase of 1.22 W in maximum exercise capacity and for every percent increase in FVC percent predicted, there was an estimated increase of 0.42 W in maximum exercise. Similarly, for every percent increase in FEV 1 percent predicted, there was an increase of 12.71 feet in 6MWT distance, and for every percent increase in FVC percent predicted, there was an increase of 4.18 feet in 6MWT results.
Discussion
The major findings of this study were as follows: (1) single-breath Dlco was found to have an inverse relationship with resting Pao 2 , oxygen requirement during 1 mph walk, maximum exercise capacity, and 6MWT; and (2) FEV 1 and FVC correlated with oxygen requirement during a 1 mph walk, maximum exercise capacity, and 6MWT distance after adjusting for Dlco, age, and gender. However, only FEV 1 was found to correlate with resting Pao 2 after adjusting for Dlco, age, and gender.
Dlco is reduced in patients with many conditions, including emphysema, interstitial lung disease, and pulmonary vascular disease. Previous investigations [3] [4] [5] [6] [7] have addressed the role of pulmonary function measurements, including Dlco, in predicting oxygen desaturation with exercise. Owens et al 4 studied 48 patients with COPD and concluded that Dlco and FEV 1 of Ͼ 55% of predicted were very specific in excluding arterial oxygen desaturation. However, the sensitivity of low Dlco or FEV 1 was not as good. Due to the small number of patients with a very low Dlco, the authors were not able to divide their patients into various gradations of severity (as we did in our study). Similarly, Ries et al 6 demonstrated that pulmonary function testing might be useful in identifying patients who are unlikely to develop hypoxemia during exercise. Hadeli et al 7 reviewed a large number of patients retrospectively and found that a low Dlco, along with obstruction, had a sensitivity of 75% in predicting oxygen desaturation during exercise. However, the mean FEV 1 was 1.5 Ϯ 0.55 L, which is nearly twice the mean of the present study patients.
Diffusing capacity is not considered to be a major determinant of resting Pao 2 and/or exercise capacity in patients with severe emphysema. Complex interactions between ventilation/perfusion mismatch, total ventilation, cardiac output, and metabolic rate (together affecting mixed venous oxygen tension) are the key determinants of arterial oxygenation at rest and during exercise in patients with severe emphysema. 17 The correlation of resting Pao 2 with Dlco found in our patients suggests that patients with lower Dlco have more ventilation/perfusion mismatch and/or hypoventilation.
It is of interest that Dlco correlated with maximum exercise capacity and 6MWT distance in our study. The reason why single-breath Dlco would limit exercise even when hypoxemia is corrected by supplemental oxygen is not clear from this study. Possible mechanisms might include cardiovascular limitation and/or myopathic changes with a markedly reduced Dlco serving as a marker for such abnormalities. Abnormalities in magnetic resonance spectroscopy of the limb muscles of patients with emphysema at rest and during exercise along with reduced oxidative enzyme activities in the vastus lateralis muscles of patients with obstructive pulmonary disease suggest reduced aerobic capacity of the working muscles in these patients. 18, 19 Thus, factors impairing limb muscle strength and endurance could limit exercise capacity. We postulate that a severely reduced Dlco may be a general marker of more severe disease. As noted previously, there was a twofold increase in maximum power between the lowest and highest Dlco categories vs a 30% increase in 6MWT distance. The reason for this discordance is not clear, but it might be related to the fact that maximum exercise study was performed on a 30% fraction of inspired oxygen , while during the 6MWT supplemental oxygen was given at a level sufficient to keep the oxygen saturation at Ն 90%.
One of the unique features of this study is the large group of patients with advanced emphysema as confirmed by CT scanning. There are no published studies addressing large groups of emphysema patients with respect to the prediction of resting Pao 2 , the need for supplemental oxygen during low levels of exercise, maximum exercise capacity, or 6MWT distance based on varying levels of Dlco. Dlco is a simple and noninvasive test that may be useful in predicting oxygen desaturation and exercise tolerance in patients with advanced emphysema. While previous studies have demonstrated a threshold value of Dlco that predicts desaturation, this is the first large study that clearly defines a "graded dose-response" relationship between quintiles of percent predicted values of Dlco and Pao 2 . Furthermore, we measured oxygen desaturation with mild exercise as opposed to maximum exercise, as had been done in previous studies. 4, 5 Thus, our study provides better predictability of oxygen saturation with the low levels of exercise that would be sustained for longer periods during the normal activities of daily living. Finally, the fact that this large study was performed in 17 centers makes the conclusions more generalizable.
In summary, we found the Dlco to be inversely correlated with resting Pao 2 , 6MWT distance, maximum exercise, and the need for supplemental oxygen during exercise. Therefore, during the assessment of patients with severe emphysema, those with reduced Dlco, and particularly a Dlco of Ͻ 20% of predicted, are more likely to have reduced resting Pao 2 , 6MWT distance, and maximum exercise capacity, and to require increased levels of supplemental oxygen with low levels of activity.
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